Full waveform inversion of seismic data
I received a note late last year asking for an article on Full Waveform Inversion (FWI), which is an almost mainstream part of the seismic processing sequence nowadays. This was a challenge because all I knew about FWI was that it is used to make detailed velocity models (and arguably that's about all an interpreter needs to know). To improve my understanding I spent some time reading seismic contractors' websites and watching educational YouTube movies, some of them about FWI.
Full Waveform Inversion compares pre-stack shot gathers and synthetic gathers derived using the wave equation to forward propagate a model. By using amplitude and phase information it can successfully resolve small scale features (unlike tomography, which uses only travel time) to create high resolution velocity models of the subsurface.
Essentially FWI is not very complicated and involves the following steps:
-Start with a recorded shot gather and initial model -Compute a synthetic gather based on the model -Calculate the difference between the recorded and modelled data to give residual errors -Use the residuals to update the model The updated model then becomes the input and the process is repeated until a satisfactory match is achieved.
The crux of FWI is the method of local optimisation used to minimise the misfit between recorded and model data. Because the process is iterative and highly non-linear the optimisation is used thousands of times, so it needs to be computationally efficient. The intensive computation required is one reason that the acceptance of FWI has been slow. A full description of the methods used to calculate model updates from the residual errors involves terms like Hessian and adjunct state method, all of which is beyond my mathematical prowess.
Implementation of FWI can be in either the time or frequency domain. The frequency domain allows multiscale inversion where initially a low frequency version of the data is modelled to avoid cycle skipping and reduce the computation time. Higher frequencies can be progressively added to obtain a higher resolution velocity model, but this is mostly restricted to 10 Hz because of the computational grunt required for higher frequencies. For example, recently I was shown the results of a 100 Hz FWl. The detail in the velocity field was amazing, but the computation effort required was 10 000 times more than the 10 Hz model. In the time domain modelling can be more flexible by allowing time windowing of the data, but again it is computationally expensive.
Apart from computation time, a major limitation of FWI is that the depth of investigation is restricted to about one-third of the maximum source to receiver offset. There are, however, two immediate benefits of using full waveform inversion. First, the method produces accurate velocities that can be used in seismic processing instead of the slower velocity analysis processes. This can reduce processing time up to 50% and save many months. Second, the velocities are detailed enough to be used as an interpretation tool. Extra time and another attribute can only improve the quality of an interpretation.
Petrol, parking and plankton
A few months ago I noted the price of petrol for a week and the number of dark coloured cars parked at my local train station. The graph in Figure 1 has a line of best fit with a remarkable correlation and an R2 of 0.90. Why would coloured cars be more abundant in the car park on days of high petrol price?
Possibly there are many reasons but I suggest it is because coloured paint is heavier than white paint so coloured cars use more petrol and their owners are less likely to drive all the way into the city when fuel prices are high.
If you think this conclusion can be supported scientifically, I would recommend reading the papers listed below. The McCauley et al. (2017) paper warns that the world's plankton population is threatened by seismic surveying. The Richardson et al. (2017) paper is a response to McCauley et al. (2017) by leading environmental scientists that suggests the experiment and sampling that led to McCauley's conclusion could have been carried out more rigorously.
In a New Scientist article (Klein, 2017) McCauley is quoted as saying, 'It's unclear how the zooplankton died…'. The article then goes on to say he is now researching how airgun initiated declines in zooplankton populations affect other marine creatures. That will be interesting given zooplankton are much more likely to perish from other causes -for instance 19% of the zooplankton population dies each day from natural causes. 
